IL-7 is an important cytokine
Introduction
Mammalian B-lineage cells develop from hematopoietic stem cells in fetal liver and adult BM, and differentiate through wellcharacterized stages before migrating to secondary lymphoid tissues as naive B lymphocytes. 1,2 Successful development of a broad Ig repertoire is accomplished by selection of cells with functional rearrangements at the Ig heavy-and light-chain loci. Ig gene rearrangement generally proceeds through an ordered process that is initiated at the IGH locus, with D H to J H rearrangements occurring in pro-B cells 3, 4 and mediated by RAG1 and RAG2 proteins. 5, 6 Distinct V H segments then rearrange to the DJ H element, and in-frame VDJ H rearrangements are expressed as Ig heavy chains, which can then pair with the surrogate light-chain components VpreB and 5 7 to form the pre-BCR. Expression of the pre-BCR initiates several cycles of proliferation at the large pre-B-cell stage, at which time the Ig light-chain loci are epigenetically silenced. After this proliferation phase, Ig light-chain rearrangement is initiated in small pre-B cells. If a functional Ig light chain (Ig or Ig) is able to assemble with Ig, then the cell expresses surface Ig as a BCR ϩ immature B cell.
The role of transcription factors in regulating Ig gene rearrangement and the expression/function of RAG1 and RAG2 is well chronicled. 8 Cytokine signaling also plays a regulatory role. Mice lacking a functional IL-7 receptor (IL-7R) pathway by virtue of targeted deletion of genes encoding the IL-7R␣ (IL-7R␣) chain 9 or signal transducer and activator of transcription 5 (STAT5) 10 exhibit reductions in IGH locus germline transcription and rearrangement of distal V H genes. STAT5-mediated IL-7 signaling can also influence Ig rearrangement via induction of the early B-cell transcription factor (EBF) 11 and by germline transcription of distal V H genes. 12 Recent studies using a Stat5 conditional deletion mutant mouse showed that IL-7 signaling served to repress premature Igk rearrangement in pro-B cells, thereby maintaining the Ig heavy chain to light-chain rearrangement hierarchy in developing B-lineage cells. 13 Efforts to elucidate the role of IL-7 in human B-cell development date back to the mid-1990s. 14 Interestingly, SCID patients with mutations in genes encoding the IL-7R␣ (CD127) or the common ␥ subunit (CD132) have normal numbers of circulating B cells at 3-6 months of age. 15, 16 These experiments of nature have been the basis for arguments that human B-cell development is IL-7 independent. Although CD127 is expressed on human B-lineage cells at several stages of differentiation, its function has remained elusive. We 17, 18 and others [19] [20] [21] [22] have used the human cord blood/murine MS-5 stromal cell xenogeneic culture as a model to study human B-cell development and as a resource for generating sufficient numbers of B-lineage cells for biochemical and molecular studies. We previously identified 2 populations of CD19 ϩ B-lineage cells that could be distinguished by expression of CD127. CD127 ϩ cells were more blastic than CD127 Ϫ cells, 17 and the former responded to IL-7 by induction of pSTAT5 and pERK1/2. 18 However, whether CD127 ϩ and CD127 Ϫ cells differ by other characteristics, suggesting different stages or pathways in (B) Cytocentrifuge slides of FACS-purified CD127 ϩ and CD127 Ϫ cells from xenogeneic cultures were stained for expression of Ig heavy chains using goat anti-human IgM TRITC (red) and counterstained with DAPI (blue). Mounting medium (2.3% wt/vol DABCO; Sigma D-2522/10% 1ϫ PBS/87.7% glycerol) was used to cover the stained slides and slides were stored at 4°C and visualized at room temperature. Images were acquired using the Plan-Apochromat 10ϫ/0.45 numerical aperture (NA) objective on an Axiovert 2 fluorescent microscope (Carl Zeiss) equipped with a Spot CCD camera (Diagnostic Instruments) and Spot Advanced 4.6 acquisition software. Adobe Photoshop 7.0 was used to create image overlays. Approximately 5% of cells in each population expressed Ig. (C) CD19 ϩ cells were isolated from 4-week xenogeneic cultures and stained for expression of CD127, Ig, Ig, and Ig. (D) CD19 ϩ cells were isolated from a 7-week xenogeneic cultures and stained for expression of Ig and Ig␦ heavy chains.
B-cell development, is unknown. To characterize the role of IL-7 signaling in human B-cell lymphopoiesis in greater detail, we examined the Ig gene rearrangement patterns and gene-expression profiles of these IL-7R signaling competent and incompetent B-lineage populations in the MS-5 xenogeneic model. Our results provide new insight into the consequences of IL-7R expression and IL-7 signaling on Ig gene rearrangement and expression in human B-lineage cells.
Methods

Isolation and culture of cells
Cord blood CD34 ϩ hematopoietic progenitor cells (HPCs) were isolated and plated on the murine MS-5 stromal cell line as described previously. 17, 18 Pediatric BM was obtained from allogeneic transplantation donors. 23 Thymic specimens were obtained from children requiring surgery for congenital heart disease. All tissues were obtained following protocols approved by the institutional review board at the University of Minnesota and the medical ethics committee at the Erasmus MC Rotterdam.
Neutralization experiments
Xenogeneic cultures were maintained as described previously. 17 After 3 weeks of culture, goat anti-murine IL-7-neutralizing antibody (AB-407-NA; R&D Systems) was added to a final concentration of 10 g/mL, and cultures were maintained for 1 additional week without medium changes. After 4 or 7 days, cells were harvested by anti-CD19 bead-positive selection 19 and sorted into CD127 ϩ Ig Ϫ and CD127 Ϫ Ig Ϫ populations to Ͼ 95% purity. For short-term neutralizing cultures, 0.5-1 ϫ 10 5 CD19 ϩ cells were sorted to be CD98 hi /sIg Ϫ and plated on confluent monolayers of MS-5 in 96-well plates, as described previously. 17 Neutralizing anti-murine IL-7 was added to a final concentration of 10 g/mL. Cells were harvested at day 3 or 6 for surface phenotyping and quantitation as described previously. 17 
Other
Results
Biologic characteristics of CD19 ؉ CD127 ؉ and CD19 ؉ CD127 ؊ cells
Previous studies of freshly isolated human B-lineage cells from fetal 24 and adult 25, 26 BM have revealed that the IL-7R␣ chain (CD127) is expressed on multiple stages of B-cell development.
We extended this analysis to pediatric BM and, as shown in Figure  1A , CD127 was expressed on ϳ 30% of pro-, pre-, and immature/ naive B-lineage cells. This pattern of expression is consistent with our previous study of fetal BM 24 and a recent study using adult BM. 26 Therefore, in normal BM, CD127 expression may confer distinct functions within the pro-B and pre-B compartments. Alternatively, CD127 expression may discriminate populations independently of the historical definition of CD19 ϩ CD34 ϩ pro-B and CD19 ϩ CD34 Ϫ pre-B cells. We tested the latter possibility using a human/murine xenogeneic culture system to generate CD19 ϩ CD127 ϩ IgM Ϫ and CD19 ϩ CD127 Ϫ IgM Ϫ cells (hereafter referred to as CD127 ϩ and CD127 Ϫ ). We reported previously that CD19 ϩ CD127 Ϫ IgM Ϫ cells from xenogeneic cultures were small cells with low forward light-scattering characteristics, whereas CD19 ϩ CD127 ϩ IgM Ϫ cells were more blastic. 17 To determine whether these properties affected survival, we enriched the 2 populations from xenogeneic cultures and replated them in the absence of exogenous cytokines and MS-5 stromal cells. Both populations underwent gradual cell death over 7 days, with CD127 ϩ cells showing slightly greater survival capability (data not shown). We next determined whether CD127 ϩ and CD127 Ϫ populations harbored differences in Ig protein expression. As shown in Figure 1B , FACS-purified CD127 ϩ and CD127 Ϫ populations both contained Ͻ 5% Ig ϩ cells. The frequency of Ig ϩ , Ig ϩ Ig ϩ , and Ig ϩ Ig ϩ cells in the CD127 ϩ and CD127 Ϫ populations were similar when the cells were examined by cell-surface staining and after fixation and permeabilization ( Figure 1C and data not shown). Although xenogeneic cultures generally undergo a loss of stromal cell integrity and lymphoid cell survival between 4 and 6 weeks, a minority can survive longer. An example of B-cell differentiation occurring in a 7-week culture is shown in Figure 1D , where well-defined populations of Ig ϩ Ig␦ Ϫ immature B cells and Ig ϩ Ig␦ ϩ naive B cells can be seen. Therefore, xenogeneic cultures can support a full range of B-cell development that occurs in normal human BM.
Ig gene rearrangement patterns in CD127 ؉ and CD127 ؊ cells
We next determined whether competency to respond to IL-7 was correlated with differences in Ig gene rearrangement patterns. Sorted CD19 ϩ CD127 ϩ Ig Ϫ and CD19 ϩ CD127 Ϫ Ig Ϫ populations were assessed for IGH, IGK, and IGL rearrangements by quantitative RT-PCR. Rearrangements were quantified relative to monoallelically rearranged control cell lines, which were defined as "100% rearranged." In both populations, approximately 150% of IGH alleles (ie, three-fourths of the total alleles) had undergone DJ H rearrangement, and similar D H gene family usage profiles were present ( Figure 2A ). However, complete V H to DJ H gene rearrangements were low, occurring in only ϳ 10% of cells from both populations ( Figure 2B ), similar to the frequency of cells in each population expressing the Ig protein ( Figure 1B ). These rearrangements largely used the V H 1-3 gene families (4.6%-7.6% compared with V H 4-7 at 0.01%-0.02%). This was somewhat unexpected, because V H 4 is one of the most commonly used families in fetal BM 27 and pediatric BM CD19 ϩ CD34 ϩ pro-B cells. 23 However, although not visible in the bar graph shown in Figure 2B , V H 4-DJ rearrangements were detectable. GeneScan size analysis of V H -DJ H rearrangements showed large size variations ( Figure 2G ). Therefore, both cell populations have their IGH loci in immature configuration with high levels of D H -J H rearrangements and low levels of V H -DJ H rearrangements that do not demonstrate in-frame selection.
Multiple types of Ig light-chain rearrangements were assayed, including the V-J and V-J rearrangements, which can yield Values represent the means Ϯ SD of multiple sequences from FACS-purified CD127 ϩ and CD127 Ϫ populations from 3 donors, normal cord blood B cells (NCB) from 2 donors, and FACS-purified pediatric pro-B and pre-B-cell populations from 2-3 donors. The nonparametric Mann-Whitney test was used to calculate significance levels between paired populations (horizontal bars). *P Ͻ .05; **P Ͻ .01; ***P Ͻ .001.
functional Ig light chains, as well as Ig -deleting (Kde) rearrangements that render an IGK allele nonfunctional (V-Kde and IntronRSS-Kde). V-Kde rearrangements delete J gene segments, thereby removing the previously formed V-J rearrangements from the genome. In contrast, IntronRSS-Kde rearrangements do not delete J gene segments, allowing for the detection of both IntronRSS-Kde and V-J joints on the same allele. 23, 28 The majority of Ig light-chain gene rearrangements are induced in small pre-B cells, 23 with V-J rearrangements preceding Kde and V-J rearrangements. 29 Very few Ig light-chain rearrangements were detected in CD127 ϩ cells ( Figure 2C -F). Interestingly, CD127 Ϫ cells had extensive rearrangement activity at the Ig light-chain loci despite the paucity of VDJ H rearrangements. Abundant V-J rearrangements were present ( Figure 2C ), exceeding the 200% level that corresponds to 2 rearranged alleles per cell. The levels of Kde ( Figure 2D -E) and V-J rearrangements ( Figure 2F ) were comparable to those found in freshly isolated small pre-B cells, but were dramatically higher than in CD127 ϩ cells. GeneScan analysis of V-J and V-J rearrangements showed size distributions similar to those detected in small pre-B cells. 23 Despite the high levels of gene rearrangements in CD127 Ϫ cells, this analysis did not reveal uniform triplet peaks, indicating that in-frame selection had not occurred. These results show that CD127 Ϫ cells have high levels of Ig light-chain gene rearrangements in the absence of complete VDJ H rearrangements.
Limited TdT activity in cultured human B-lineage cells
We next analyzed coding joint formation in CD127 ϩ and CD127 Ϫ cells. The results were compared with IGH and IGK rearrangements occurring in pro-and pre-B cells from pediatric BM and B cells from cord blood. CD127 ϩ and CD127 Ϫ cells had significantly lower N-nucleotide insertions at V H -D H and D H -J H junctions compared with pediatric BM pro-B and pre-B cells ( Figure 3A-B) , resulting in shorter CDR3 lengths (Table 1 ). In addition, their junctions had significantly more nucleotides deleted from the 5Ј end of the J H segment than did pro-B and pre-B cells (Table 1) . These results suggest that IGH gene rearrangements were formed in the presence of less TdT compared with B-lineage cells from normal pediatric BM. Cord blood B cells (that represent a mixture of immature, transitional, and mature populations 30 ) had CDR3 lengths comparable to CD127 ϩ and CD127 Ϫ cells ( Table 1 ). The number of N-nucleotide insertions in cord blood B-cell DJ H and VDJ H junctions was significantly larger than CD127 ϩ and CD127 Ϫ cells ( Figure 3A-B) , but smaller than pediatric BM.
Analysis of V-Jjunctions showed that pediatric BM pro-B cells had longer CDR3 lengths than pre-B cells (Table 2) , mainly due to the inclusion of N-nucleotides ( Figure 3C ). This finding is consistent with the lower TdT expression in normal pre-B cells, as shown in quantitative RT-PCR and microarray analysis (Table 3 ). In addition, pre-B cells showed more deletions and fewer Pnucleotides than pro-B cells at the V site of the V-J junction ( Table 2 ). The V-Jjunctions in CD127 ϩ and CD127 Ϫ cells were indistinguishable from those in pre-B cells ( Figure 3C ), but were significantly different from pro-B cells with respect to CDR3 lengths, addition of N-nucleotides ( Figure 3C ), formation of P-nucleotides, and deletions at the V site of the junction (Table 2 ).
3D architecture of the IGH locus in human B-lineage cells
The IGH locus undergoes contraction before V H to DJ H recombination in murine pro-B cells. [31] [32] [33] [34] Subsequent differentiation to pre-B cells leads to IGH locus decontraction, which is thought to prevent further rearrangements and contribute to allelic exclusion. 34 To determine whether the relative paucity of V H -DJ H rearrangements in CD19 ϩ cells from 4-week xenogeneic cultures resulted from impaired contraction, we measured the spatial distances between 3 probe sets recognizing distal V H , proximal V H , and C H regions ( Figure 4A ). Similar analyses were conducted on pediatric BM B-lineage cells and CD8 ϩ thymocytes (the latter serving as a control for maximum decontraction of the IGH locus). Spatial distances between distal V H and C H regions, distal V H and proximal V H regions, and proximal V H and C H regions were the shortest in pediatric BM pro-B cells (Figure 4B-D) . The distances between distal V H and proximal V H probes ( Figure 4C ), as well as distal V H and C H probes ( Figure 4B ), were significantly shorter in pre-B cells compared with CD8 ϩ thymocytes. However, distances between proximal V H and C H probes were similar between pre-B and CD8 ϩ thymocytes ( Figure 4D ), indicating that this region is close to or fully decontracted in pre-B cells. Contraction distances in CD127 ϩ cells were identical to pre-B cells, but significantly longer than pro-B cells (Figure 4B-D) . Contraction of the IGH Figure 4B-D) .
Gene-expression profiling of CD19 ؉ CD127 ؉ and CD19 ؉ CD127 ؊ cells
The data presented above revealed some prominent differences in Ig gene rearrangement and expression in CD127 ϩ and CD127 Ϫ cells. To identify additional differences, we performed geneexpression profiling on the 2 populations and compared them with each other and with pediatric BM B-lineage cell subsets. 23 Unbiased clustering analysis was performed based on probe sets that best discriminated between cultured cells and the 4 most mature B-lineage cell stages from BM ( Figure 5 ). This analysis showed that the cultured cells were most comparable to each other and to the later stages of precursor-B-cell development. Specifically, CD127 ϩ cells showed the highest correlation with pro-B and large pre-B cells, whereas CD127 Ϫ cells showed the highest correlation with small pre-B cells ( Figure 5 ).
In addition to unbiased clustering analysis, expression patterns for specific sets of well-studied genes in B-cell differentiation were determined. Table 3 shows the gene-array results for selected genes and the confirmation by quantitative RT-PCR (the last column in Table 3 ). As expected based on membrane protein expression, CD127 transcripts were dramatically higher in CD127 ϩ cells than in CD127 Ϫ cells. These levels were still higher than those in pediatric BM B-lineage subsets, of which large pre-B cells showed the highest IL7R expression. STAT5A and STAT5B, which encode transcription factors in the CD127 pathway, did not differ in expression between CD127 ϩ cells and CD127 Ϫ cells. The increased expression of CCND2 and MKI67 in CD127 ϩ cells was correlated with the more blastic characteristics reported previously for these cells. 17 IGHM  IGHD  IGHG3  IGHG1  IGHEP1  IGHA1  IGHGP  IGHG2  IGHG4  IGHE  IGHA2 CD8 + pro-B pre-B CD127 + CD127 - 
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For personal use only. on April 13, 2017. by guest www.bloodjournal.org From Analysis of genes involved in V(D)J recombination revealed that CD127 Ϫ cells had increased expression of RAG1, RAG2, and LIG4, which is consistent with increased rearrangement at the Ig L chain loci in these cells (Figure 2) . Furthermore, these cells contained increased levels of IGH, IGK, and IGL transcripts. The probes for these transcripts are specific for constant regions and therefore likely represent transcripts from both rearranged alleles and germline (sterile) transcripts. Finally, several genes encoding transcription factors involved in the regulation of Ig gene rearrangement were up-regulated in CD127 Ϫ cells, including TCF3, EBF1, FOXO1, and IRF4. PAX5, FOXO3, IKZF1, and IRF8 were not differentially expressed, and EZH2 and ID2 (inhibitor of E2A) were down-regulated in CD127 Ϫ cells compared with CD127 ϩ cells.
IL-7R signaling inhibits Ig light-chain gene rearrangements in human precursor B cells
IL-7 signaling has been shown to repress premature Igk rearrangements in murine pro-B cells. 13 We have demonstrated previously that MS-5-derived IL-7 mediates effects on CD19 ϩ cells in our xenogeneic model. 17 Given the paucity of IGK rearrangements in CD127 ϩ cells (Figure 2) , in the present study, we investigated whether suppression of IL-7 signaling would initiate the onset of IGK rearrangements in CD127 ϩ cells.
To initially exclude the possibility that suppressing an IL-7 signal would lead to selective cell death of a subpopulation of CD127 ϩ cells or induction of B-cell differentiation, we determined the effect of neutralizing mIL-7 on the viability and maturity of sorted CD127 ϩ cells. To eliminate any contribution that the anti-CD127 used in a sorting protocol could have on recultured CD127 ϩ cells (via either a positive agonistic signal or blocking access to IL-7 binding), we used an antibody to CD98 for purification. The rationale was based on the fact that our gene microarray data revealed that CD98 was more highly expressed on CD127 ϩ cells compared with CD127 Ϫ cells (Table 3) . Although CD98 was expressed on all CD19 ϩ B-lineage cells from xenogeneic cultures, CD127 ϩ cells segregated into the CD98 hi fraction ( Figure 6A) . Therefore, by sorting CD19 ϩ CD98 hi cells, we could obtain a population highly enriched for CD127 ϩ cells ( Figure 6B ). Using this strategy, we showed that the IL-7 signal did not induce acquisition of cell-surface Ig ( Figure 6C ) or the development of CD127 Ϫ cells from CD127 ϩ cells ( Figure 6D ). Neutralization of mIL-7 had no effect on the survival of CD127 ϩ cells when assayed at 3-6 days after plating of sorted cells (data not shown).
To address directly whether IL-7 signaling suppresses Ig light-chain rearrangements, anti-mIL-7 was added to xenogeneic cultures at 3 weeks and CD127 ϩ and CD127 Ϫ cells were sorted 4-7 days later. As shown in Figure 7 , the frequency of all types of rearrangements in the IGK locus increased in CD127 ϩ cells as the duration of mIL-7 neutralization increased. The frequency of V-Kde and IntronRSS-Kde rearrangements was significantly greater after 7 days of IL-7 neutralization, whereas the increase in V-J rearrangements was close to significant (P ϭ .064). IGL locus rearrangements showed a trending increase in CD127 ϩ cells in the presence of neutralizing anti-mIL-7. There was no change in V H to DJ H rearrangements. Rearrangements in CD127 Ϫ cells are shown for comparison, and demonstrate high levels of rearrangements at the L-chain loci, as shown in Figure 2 . Therefore, inhibition of IL-7R signaling initiates Ig light-chain rearrangements in human precursor B cells.
Discussion
We embarked on this study with the expectation that evaluating human B-lineage cells that are competent versus incompetent to respond to IL-7 would facilitate our understanding of how development of the human immune system is regulated. The MS-5 murine stromal cell line [17] [18] [19] [20] [21] [22] and human BM mesenchymal stromal cells 24 
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The MS-5 xenogeneic model can support up to 30% of CD19 ϩ B-lineage cells expressing cell-surface Ig ( Figure 1D ). This is similar to the frequency of CD19 ϩ /cell-surface Ig ϩ B-lineage cells in normal human BM and comparable to results using human BM mesenchymal stromal cells. 26, 37 However, we focused on earlier time points in the xenogeneic model: 4 weeks, at which time the cultures are enriched for cells that do not express cell-surface Ig. CD127 ϩ and CD127 Ϫ populations derived from 4-week cultures both have a small fraction of cells expressing Ig, in agreement with the low frequency of complete VDJ H rearrangements determined by quantitative RT-PCR ( Figure 2B ). However, it is unclear why V H to DJ H rearrangements exist at low frequency ( Figure 2B ), when the frequency of DJ H rearrangements is much higher (Figure 2A) . One approach to answering this question was to use 3D FISH to assess the nuclear topography of the IGH locus. Murine studies have shown that the entire repertoire of V H genes juxtaposes to D H elements at the pro-B-cell stage, 32 which means that the locus undergoes contraction. A comparable analysis of IGH locus topography has not been reported for human B-lineage cells. Therefore, we initially addressed whether freshly isolated pediatric pro-B and pre-B cells show differences in IGH locus contraction. As shown in Figure 4B -D, pro-B cells exhibit significantly greater IGH locus contraction than pre-B cells, as measured by the 3 probe sets. Analysis of IGH locus contraction showed that CD127 ϩ cells are less contracted than normal pediatric BM pro-B cells ( Figure  4B-D) , providing at least one potential explanation for the low frequency of VDJ H rearrangements in CD127 ϩ cells. In the case of CD127 Ϫ cells, only one probe set (distal V H -proximal V H ; Figure  4C ) showed a significant difference compared with normal pro-B cells. Pax5 gene-targeted mice harbor early B-lineage cells that are severely impaired in their capacity to undergo V H to DJ H rearrangement, 38 and Pax5 also promotes IGH locus contraction 39 and transactivates the RAG complex. 40 PAX5 expression in CD127 ϩ and CD127 Ϫ cells from xenogeneic cultures was comparable to expression in normal pro-B cells ( Table 3 ), suggesting that simple differences in PAX5 expression do not explain why complete VDJ H rearrangements occur at low frequency in cells from 4-week xenogeneic cultures. It remains possible that the subcellular distribution of Pax5, expression of different Pax5 isoforms, or Pax5 transcriptional activity differ in CD127 ϩ and CD127 Ϫ cells in 4-week xenogeneic cultures compared with normal BM pro-B cells.
Both CD127 ϩ and CD127 Ϫ populations have a small number of cells expressing cell-surface Ig/ or Ig/ ( Figure 1C) . Surprisingly, analysis of Ig light-chain locus recombination revealed extensive rearrangements in CD127 Ϫ cells that greatly exceeded CD127 ϩ cells ( Figure 2C ). There are several possible explanations for the existence of CD19 ϩ CD127 Ϫ cells with extensive Ig light-chain rearrangements but few VDJ H rearrangements, including heightened recombinatorial flexibility 41, 42 and Ig H chain deficiency. 43 However, Ig light-chain rearrangement before Ig heavy chain rearrangement still appears to be a rare event. CD19 ϩ CD127 Ϫ cells may be normally destined to die in the BM because of the absence of a functional V H to DJ H rearrangement. In this scenario, they would likely be eliminated (after cell death) by macrophages and would be difficult to detect in vivo. Their presence in xenogeneic cultures may reflect the absence of a normal clearing mechanism.
The high level of V-J rearrangements present in CD127 Ϫ cells ( Figure 2C ) may have been due to amplification of V-J rearrangements present on excision circles formed by ongoing rearrangements between upstream V and downstream J gene segments. It is also possible that the elevated number of V-J rearrangements included in-frame IGK rearrangements, which would predict that cytoplasmic Ig protein should be present (and in a larger fraction of cells than those expressing the BCR; Figure  1B) . However, efforts to detect cytoplasmic Ig protein by flow cytometry or Western blotting were inconclusive, suggesting that Ig protein levels may be beneath the sensitivity of the assays we used. This could be a consequence of a low rate of transcription and/or translation of Ig in these small, resting cells, or Ig proteins may have a short half-life in the absence of pairing with Ig. Figure 1D shows that xenogeneic cultures can support the development of immature (Ig ϩ Ig␦ Ϫ ) and naive mature (Ig ϩ Ig␦ ϩ ) populations. CD127 expression and IL-7 signaling are generally assumed to be restricted to cells that have not reached the immature/naive mature B-cell stage. 44, 45 However, we found that ϳ 25% of peripheral blood B cells expressd CD127 ( Figure 1A) , as did cord blood transitional (CD10 ϩ IgM ϩ IgD ϩ ) and naive mature (CD10 Ϫ IgM ϩ IgD ϩ ) B cells (S.E.N. and T.W.L, unpublished data, March 2010). The detection of CD127 on immature/naive B cells was unexpected, and the functional significance is under investigation. Therefore, the CD127 ϩ BCR ϩ cells that develop in xenogeneic cultures ( Figure 1C ) could be developmentally similar to the CD127 ϩ BCR ϩ cells we detect in peripheral and cord blood.
IGH rearrangements in pediatric BM pro-B cells occur in the presence of high levels of TdT. 23 These rearrangements therefore have a high content of N-nucleotides, which are retained in pre-B cells ( Figure 3A-B) . The rare V-J rearrangements present in pro-B cells contain several N-nucleotides, whereas the high levels of V-J rearrangements in pre-B cells contain significantly fewer N-nucleotides ( Figure 3C ). In contrast to pediatric BM, cord blood B cells contain fewer N-nucleotides in IGH gene rearrangements ( Figure 3A-B) . CD127 ϩ and CD127 Ϫ cells showed few N-nucleotides, resulting in junctions that were significantly smaller than the IGH junctions formed in pediatric BM pro-B cells and in cord blood B cells. Therefore, the B cells that develop from cord blood CD34 ϩ HPCs plated on MS-5 may have a more restricted V H repertoire, likely reflecting the lower expression of TdT.
Gene-array analysis using unbiased hierarchical clustering indicated was further used to characterize CD127 ϩ and CD127 Ϫ populations. The blastic features of CD127 ϩ cells-the absence of VDJ H rearrangements and decreased expression of genes associated with VDJ H rearrangement-suggests a resemblance to pro-B cells/large pre-B cells. By contrast, CD127 Ϫ cells are morphologically small cells 17 and have a high frequency of Ig light-chain gene rearrangements and increased expression of RAG1 and RAG2. Excluding the absence of complete VDJ H rearrangements in the majority of CD127 Ϫ cells, this population most closely resembles small pre-B cells. Pro-B and pre-B populations in normal pediatric BM contain both CD127 ϩ and CD127 Ϫ subpopulations ( Figure  1A ). Future studies comparing CD19 ϩ CD127 ϩ and CD19 ϩ CD127 Ϫ cells from xenogeneic cultures with subpopulations isolated from normal pediatric BM will be informative, and these complementary approaches will yield deeper insights into the developmental biology of the human immune system. E2A proteins have been shown to promote access to the J1 RSS by RAG1 and RAG2, 46 and can induce recombination at the Ig locus when coexpressed with RAG proteins in nonlymphoid cells. In the present study, increased levels of E2A transcripts were
